in the progression of cardiovascular disease in patients with CKD. Further studies are needed to better characterize the impact of these compounds on cardiovascular outcomes. Beneficial treatments are currently available that, in preliminary studies, appear to neutralize some of the adverse effects of uremic toxins. Large randomized clinical trials are needed to further determine the utility of these varied therapeutic agents.
has gone into understanding the mechanisms responsible for such toxicity and to develop therapeutic interventions which can reduce the adverse effects of uremic toxins.
Uremic toxins are both a cause and consequence of CKD, and their negative impact on the CV system is thought to be multifactorial with incompletely understood mechanisms. Identifying and understanding factors that negatively impact CV health in patients with CKD is crucial to the development of therapies aimed at reducing adverse CV outcomes. It is well known that CKD is a chronic pro-inflammatory state that is both a cause and a result of oxidative stress. Chronic inflammation (predominantly mediated by macrophages) and oxidative stress play a critical role in the progression of CKD and CKD-related CVD [3, 4] . A broad range of nontraditional risk factors also appear to play a role in the pathogenesis of CVD in patients with CKD. The net effect of these traditional and nontraditional risk factors is an increase in CV-related morbidity and mortality above and beyond that which occur in patients without CKD.
Here we review the pathophysiologic effects of uremic toxins on the incidence and progression of CVD among patients with CKD, as well as therapies aimed at prevention of CKD-related CVD.
Uremic Toxins
Retention of uremic toxins leads to an environment marked by the complex interplay between a variety of retained molecules and their negative impact on multiple organ systems. Given the complexity and multiplicity of these toxins, serum urea and creatinine are inadequate as markers for uremic toxicity since they offer only a snapshot of the entire toxin picture. Also, effective treatment of uremia will require consideration of the unique characteristics of these compounds. Furthermore, it is likely that not all uremic toxins have been identified. Hence, rational treatment strategies for uremia first require a simplified classification system for uremic toxins. The most commonly applied classification system is based on physicochemical properties of uremic toxins that affect their removal during hemodialysis [5] :
(1) Small, water-soluble molecules: The molecular weight (MW) of these compounds is generally ≤ 500 Da. These compounds may or may not display marked toxic activity.
(2) Middle molecules: These compounds have a MW of >500 Da and are removed only via hemodialysis employing large-pored membranes. Many compounds in this group are peptides that are toxic to multiple organ systems.
(3) Protein-bound molecules: Most compounds in this group have a low MW; however, some have characteristics similar to middle molecules. Many of these compounds are toxic and difficult to remove via hemodialysis.
In 2003, the European Uremic Toxin Work Group classified 90 compounds by this system ( table 1 ) , and more compounds have since been identified.
Alternatively, uremic toxins may be classified according to their site of origin [6] and include toxins:
(1) produced by endogenous metabolism, (2) produced by microbial metabolism, or (3) ingested from an exogenous source. This classification strategy may help in identifying treatments other than extracorporeal removal. Although the majority of toxins fall into the first category, a significant number originate from microbial metabolism. Exogenous dietary toxins such as oxalate and advanced glycation end products also contribute to uremia [6] . A number of uremic toxins, including phenolic and indolic compounds, originate from protein fermentation in the large intestine following hydrolysis of polypeptide chains by proteases and peptidases. The latter leads to the production of small peptides and amino acids, which are either used by intestinal flora for growth or are further fermented into short-or branched-chain fatty acids and other potentially toxic metabolites, including ammonia, amines, thiols, phenols, and indoles. Phenols (e.g. phenylacetic acid (PAA), phenol, p -cresol) are generated during the partial breakdown of tyrosine and phenylalanine by intestinal facultative or obligate anaerobes. Most phenols produced in the colon are absorbed and detoxified by conjugation to sulfate compounds by the liver (e.g. p -cresol to p -cresyl sulfate; PCS) [6] . Indoles and amines are also end products of metabolism in the colon. Breakdown of tryptophan results in production of indolic compounds, and decarboxylation of lysine and ornithine leads to production of simple amines. Indoles are absorbed and metabolized to the sulfate form by the liver (e.g. indoxyl sulfate; IS). Amines can be detoxified by monoamine and diamine oxidases in the liver or colonic mucosa or can be renally excreted [6] .
CKD is classified into 5 stages based on glomerular filtration rate (GFR) [7] . Given the difficulties in accurately measuring GFR in routine clinical practice, GFR is estimated (eGFR) on the basis of serum creatinine levels combined with demographic and anthropometric parameters [8] . Estimated GFR based on serum creatinine has been shown to be poorly correlated with concentra- [5] . a These compounds are effectively removed by any dialysis strategy. b These compounds are, with the sole exception of hippuric acid, difficult to remove regardless of the type of membrane used for hemodialysis [62] . They are more efficiently removed by peritoneal dialysis, which uses membranes with a large pore diameter [63] .
c These compounds are effectively removed only by membranes with a large pore size, such as those used in peritoneal dialysis.
tions of uremic toxins in patients with different stages of CKD, calling into question its utility in evaluating the accumulation of different solutes during the progression of CKD [9] .
Association of CKD and CVD
Patients with CKD are at high risk for CVD even when kidney function is only minimally impaired and are more likely to succumb to CVD than to progress to kidney failure regardless of their CKD stage [10] [11] [12] [13] [14] [15] . Overall, approximately half of all deaths among patients with CKD are a direct result of CVD. Importantly, the risk and severity of CVD increases with each incremental increase in severity of CKD, particularly among younger patients. Patients with CKD have a 10-to 20-fold increase in risk of cardiac death versus patients without CKD [16] .
The association of CKD with CVD may be explained by the higher prevalence of nontraditional and traditional risk factors for CVD among patients with CKD compared with the general population [11, 17] . Anemia, proteinuria, increases in levels of pro-inflammatory cytokines, oxidative stress, hyperhomocysteinemia, abnormal calcium and phosphate metabolism, and accumulation of uremic toxins constitute nontraditional risk factors, while traditional risk factors include hypertension, diabetes, advanced age, dyslipidemia, and tobacco use. Additional risk factors seen in hemodialysis patients include bacteremia, extracellular fluid overload, and glycemic load. The relative contributions of individual risk factors are not well understood and may be dependent on CKD stage [17] .
Accumulation of uremic toxins consequent to the progressive deterioration of glomerular filtration in patients with CKD has a deleterious effect on multiple body functions (e.g. cardiac failure, hypertension, fluid overload) [2] . Multiple studies have implicated elevated concentrations of a variety of uremic toxins, including indoxyl sulfate, p -cresol, p -cresyl sulfate, PAA, blood urea nitrogen, and uric acid in the CVD seen in CKD patients [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The association of elevated uric acid concentrations with CVD in these epidemiologic studies has been corroborated by results of prospective clinical trials involving allopurinol, which decreases serum uric acid levels by inhibiting xanthine oxidase [32, 33] . These trials, which included patients with asymptomatic hyperuricemia and patients with reduced renal function as measured by eGFR, showed that allopurinol slows progression of renal disease and reduces risk of CV events [32, 33] .
Studies in animal models have suggested that elevated concentrations of marinobufagenin (MBG), which belongs to a class of circulating steroid compounds called the bufadienolides, may potentially play a role in the CVD associated with CKD [34] . Administration of MBG has been shown to result in changes in cardiac parameters that resemble those seen following partial nephrectomy [35] . These changes could be reversed by immunization against MBG, supporting the notion that controlling elevated levels of MBG in patients with CKD may improve cardiac symptoms [35] .
In addition, an association between arterial calcification and increased CVD-related mortality has emerged among patients with CKD. The presence and extent of vascular calcifications are strong predictors of CVD-related and all-cause mortality in end-stage renal disease (ESRD) patients on maintenance hemodialysis. It is unclear whether enhanced arterial stiffness is a risk factor contributing to the development of CVD or a marker of more established disease; however, studies suggest that measurement and serial monitoring of arterial parameters related to vascular structure and function may offer some promise in risk assessment and development of therapeutic strategies [36] .
In summary, substantial evidence supports the relationship between CKD and poor CVD-related outcomes. Both traditional and nontraditional risk factors are responsible for these associations. Mechanisms for measuring the relative contributions of nontraditional risk factors are being explored. Accumulating data suggest that uremic toxins play an important role in the morbidity and mortality from CVD among patients with CKD. Identification of these toxins and defining the pathobiologic mechanisms by which they cause CVD are prerequisites for development of therapeutic interventions to alleviate poor CV outcomes in patients with CKD.
In the following sections, we review the evidence indicating that uremic toxins contribute substantially to the development and severity of CVD among patients with CKD. In addition, we discuss mechanisms by which these compounds impact CVD, as well as potential therapeutic strategies for mitigating their toxic effects.
Cardiovascular Effects of Uremic Toxins
Although uremic toxins affect almost every organ system, this review will focus on the impact of uremic toxins on markers for CVD and on CVD-related outcomes in patients with CKD. Treatment of traditional CVD risk factors in this population only partially reduces CVD-related morbidity and mortality compared with the general population. Thus, it is important to identify and describe additional mechanisms that contribute to atherogenesis and CVD in patients with CKD. Uremic toxins represent one area of nontraditional CVD risk factors unique to patients with CKD. The effects of uremic toxins can be described in terms of their impact on cell systems associated with CVD. The main cell types involved in the CVD associated with CKD include leukocytes, endothelial cells, vascular smooth muscle cells (VSMC), and platelets ( table 2 ) [2, 37] . The involvement of the different uremic toxins in the four major domains of CVD (atherosclerosis, myocardial disease, valvular disease, arrhythmias) is summarized in table 3 .
Uremic Toxins and Leukocytes
Uremic toxins inhibit leukocyte function in CKD patients by reducing their basal activation and blunting their response upon stimulation. The former effect may result in infection; the latter has been linked to malnutrition, chronic microinflammation, and atherosclerosis. Guanidine compounds have been implicated in CV damage given their stimulatory effect on leukocytes, leading to enhancement of tumor necrosis factor (TNF)-α production and increased leukocyte-induced oxidative stress [1] . In addition, PCS has been shown to enhance susceptibility to vascular damage by promoting enhanced oxidative activity in leukocytes [22] . The uremic toxin homocysteine activates nuclear factor-kappa B (NF-κB) in macrophages, resulting in increased superoxide anion levels and oxidative stress, which can be reversed by administration of folic acid.
Uremic Toxins and Leukocyte-Endothelial Cell Interaction
Leukocyte-endothelial interactions are an important step in the development of atherosclerosis. Cell adhesion molecules (e.g. intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1), together with E-selectin, are upregulated to mediate monocyte and macrophage infiltration into atherosclerotic lesions. IS was recently shown to enhance leukocyte-endothelial interactions through upregulation of E-selectin. This likely occurs via the JNK-NF-κB-dependent pathway and represents a novel mechanism for the induction of vascular pro-inflammatory processes observed in CKD [38] .
Uremic Toxins and Chronic Inflammation
It has been amply demonstrated that CKD is associated with a state of chronic inflammation, as evidenced by elevated concentrations of various pro-inflammatory cytokines such as IL-6 and altered concentrations of acutephase proteins such as C-reactive protein (CRP). Given the critical role chronic inflammation plays in the development and progression of CVD, uremia-associated pro- inflammatory cytokines are considered a major component of uremic toxicity. In a study of 125 patients with CKD stage 2-5, IL-6 was independently associated with CKD stage and plasma levels of CRP and albumin [4] . Follow-up studies of these patients showed that plasma IL-6 levels also significantly predicted CVD and all-cause mortality after adjusting for potential confounders. Furthermore, IL-6 was superior to CRP, albumin, or TNF-α in predicting mortality in this patient cohort [4] . Another group of uremic toxins, the guanadino compounds (particularly symmetric dimethylarginine) induce production of reactive oxygen species (ROS) and pro-inflammatory markers (mainly related to microinflammation and leukocyte activation) leading to chronic inflammation [39] . In addition, the surface expression of CD-14, a marker for monocyte differentiation, was increased by all guanadinos except guanidine. Therefore, these compounds contribute to monocyte CD expression that may result in enhanced differentiation and endothelium adhesion capacity of these cells and hence ongoing chronic inflammation [39] . Symmetric dimethylarginine is also associated with activation of NF-κB in addition to increased IL-6 and TNF-α expression. Furthermore, AGE accumulation in the plasma of uremic patients has been associated with oxidative stress, which can lead to chronic inflammation and CVD.
Uremic Toxins and Endothelial Cell Function
Endothelial cell integrity and function are critical to the prevention of atherosclerosis, and therefore endothelial cell injury and dysfunction are major steps in the development and progression of CVD. There are several mechanisms through which endothelial cells protect against CVD, including endothelial cell function, endothelial cell integrity and barrier properties and endothelial cell repair. In CKD, endothelial dysfunction can be a result of oxidative stress, chronic inflammation, and production of ROS [1] . Furthermore, several uremic compounds have been shown to inhibit endothelial proliferation, potentially contributing to endothelial cell dysfunction [39] . Moreover, impairment of endothelial cell function among patients with CKD is associated with a pro-coagulant environment at the surface of these cells (as illustrated by increases in plasminogen activator inhibitor-1 and von Willebrand factor and decreases in tissue plasminogen activator), as well as dysregulation of vascular tone due to inhibition of endothelial iNOS. While endothelial function is dependent on NO, the production of NO is decreased in patients with CKD. Studies in mice have shown that CKD is associated with an increased concentration of the uremic toxin asymmetric di- methylarginin, which alters endothelial cell function in cerebral circulation, perhaps via a decrease in NO production. This study did not identify any changes in arteriolar structure, mechanics, or composition [40] . Another important mechanism for CKD-associated NO deficiency is an increase in oxidative stress. Uremic toxins increase the generation of ROS that cause oxidative stress. This is the case for IS, which has a major deleterious effect on the endothelial system. This compound has been shown to inhibit NO production and reduce cell viability in vitro via production of ROS in vascular endothelial cells. The deleterious role of oxidative stress in this process was confirmed via use of antioxidants that prevented ISinduced ROS production and preserved cell viability [41] . A subsequent study showed that IS also upregulated the expression of ICAM-1 and MCP-1 via activation of the NF-κB pathway, which further reinforced the association between IS and development of CVD [42, 43] . Furthermore, IS has been shown to negatively influence protective properties of endothelial cells, such as migration and tube formation, by depleting NO bioavailability [43, 44] . This mechanism was further confirmed through the use of an NO donor, S-nitroso-N-acetyl-DL -penicillamine, which reversed these effects [44] . Interestingly, the potential deleterious impact of IS on the CV system appears to be concentration dependent. At concentrations found in CKD patients, the pro-oxidant effects of IS seem to predominate, leading to increased CVD. However, at normal serum concentrations, IS appears to eliminate hydroxyl radicals and displays radical scavenging activity, properties which may have a protective effect [45] .
In addition, IS has been associated with increased oxidation of albumin, which is a marker for oxidative stress in systemic circulation. In a rat model of CKD, the ratio of oxidized albumin positively correlated with serum IS levels, suggesting an increase in oxidative stress in the systemic circulation [46] . The ratio was reduced in the group that received AST-120 (an orally administered intestinal adsorbent) [46] . In addition, IS increased the generation of ROS in a dose-and time-dependent manner [46] .
Another uremic toxin that has been shown to cause vascular damage through inhibition of iNOS leading to reduction of endogenous NO and vascular dysfunction is PAA. Moreover, this compound inhibits the activity of Ca 2+ -ATPase, resulting in elevated intracellular Ca 2+ concentration that can lead to cell death and further endothelial dysfunction.
Barrier function is an important property of vascular endothelium. Barrier dysfunction is a result of gaps between adjacent cells from loss of intercellular junctions.
A recent bovine study reported disruption of intercellular contacts on adherens junctions of epithelial cells following IS treatment. Pretreatment with U0126, a highly specific inhibitor of MEK1/2, prevented this disruption [47] .
Another mechanism of disruption in endothelial cell integrity and dysfunction that is associated with the development of CVD is cellular senescence. This process involves the arrest of cells in a mitotic diploid form. Endothelial cell senescence is induced by many factors, including oxidative stress and the accumulation of uremic toxins. Administration of IS and asymmetric dimethylarginine to hypertensive rats has been shown to cause increased expression of aortic cell senescence molecules and aortic calcification [48, 49] .
Endothelial repair mechanisms that can be mediated via proliferation or homing of circulating progenitor cells play a critical role in the health of endothelial cells and prevention of CVD. It is of note that the effectiveness of endothelial repair mechanisms is reduced in patients with CKD, possibly leading to reduced vascular integrity and increased risk of CVD. These circulating microparticles represent a new biomarker for CVD in uremia [50] . Both IS and PCS, at concentrations typically found in uremia, have been shown to reduce endothelial proliferation and repair in vitro and thus negatively affect endothelial repair mechanisms (this effect was dose dependent for PCS). The presence of albumin did not alter the inhibitory effect of these compounds on endothelial proliferation; however, the deficiency in endothelial repair was less severe in the presence of albumin.
Oxalate, another uremic toxin, has also been associated with negative CV-related consequences most likely via negative effects on endothelial cell repair and function. Oxalate increases intracellular calcium concentrations in endothelial cells and prevents re-endothelialization [51] . It also inhibits endothelial cell replication and migration, which play a role in inhibition of atherosclerosis. The inhibitory effect of oxalate was found to be both dose and time dependent [52] .
Uremic Toxins and Vascular Smooth Muscle Cells
Uremic toxins have been shown to promote proliferation of VSMC and their subsequent transformation into osteoblast-like cells capable of producing a matrix of bone collagen and noncollagenous proteins. This matrix can subsequently mineralize as a consequence of dysregulated mineral metabolism, leading to aortic wall thickening and calcification [13, 53] . Yamamoto et al. [54] were the first to demonstrate that IS causes VSMC proliferation via activation of the p44/42 mitogen-activated protein kinase pathway in vitro. This pathway has been shown previously to be activated by growth factors, angiotensin II, erythropoietin, and other uremic toxins such as homocysteine and uric acid. The deleterious effect of IS on VSMC was confirmed using probenecid, an inhibitor of IS secretion. Treatment with probenecid resulted in IS retention, which inhibited VSMC proliferation [54] . Similar results were also seen in a subsequent study [55] . IS has also been shown to promote aortic calcification and wall thickening in hypertensive rats [56] .
While VSMC dysfunction plays a key role in CVD, cardiac and aortic abnormalities were independently associated with the extent of endothelial and VSMC dysfunction and the severity of kidney disease in a mouse model of CKD [57] . In a longitudinal study evaluating changes in vascular stiffness throughout the progression of CKD, mice with CKD quickly developed a significant increase in aortic stiffness, supporting the hypothesis that CKD accelerates normal age-related changes in aortic function [57] . These results suggested that calcification may not be the only mechanism responsible for vascular stiffness in early-stage CKD [57] .
Uremic Toxins and Platelets
Activation of platelets in CKD patients undergoing hemodialysis has been extensively studied. Activated platelets may contribute to the CVD burden in patients with ESRD given their involvement in thrombus formation after being retained on the dialysis membranes [37, 58] . Platelets from uremic patients show significantly higher coagulation activity than do platelets from normal individuals. This activity is partly due to the enhanced exposure of phosphatidylserine to the outer leaflet of platelet membranes in a process mediated by caspase-3 [37] . Caspase-3 activity is significantly higher in the platelets of uremic patients and its selective inhibition reduces phosphatidylserine exposure, highlighting the central role for caspase-3 activation in platelet activation and therefore the pathogenesis of CVD in patients with uremia [37] .
Uremic Toxin-Associated CVD: Clinical Evidence
More recently, complementary clinical studies have been conducted examining the role of uremic toxins on CV outcomes in patients with CKD. These studies reinforce the findings of the preclinical investigations discussed previously herein. In a cohort of 100 maintenance hemodialysis patients, Meijers et al. [59] studied the relationship between PCS and blood markers of endothelial cell dysfunction (soluble P-selectin and endothelial microparticles), as well as the direct effects of p -cresol and PCS on endothelial cells. While free serum p -cresol concentrations were positively associated with circulating endothelial microparticles, no association was found with soluble P-selectin. These findings were further confirmed in vitro (via human umbilical vein endothelial cells) as PCS was shown to induce a dose-dependent increase in en dothelial microparticles. This effect was reduced in the presence of albumin. The authors concluded that PCS alters endothelial function in patients on hemodialysis [59] .
Clinical studies in patients with CKD confirm the preclinical findings regarding the effects of IS on the CV system. IS concentrations have been shown to be independently and positively associated with pentosidine (an AGE compound), creatinine, and protein catabolic rate, which are risk factors for atherosclerosis in patients on maintenance hemodialysis. IS was also found to be independently and negatively associated with high-density lipoprotein cholesterol [19] . Barreto et al. [18] investigated the association between vascular calcification, vascular stiffness, mortality, and serum IS concentrations in a cohort of patients with CKD and found an inverse relationship between baseline IS levels and renal function and a direct relationship with aortic calcification. Survival analyses found that the highest IS tertile was a strong predictor for death even after adjustments for age, gender, diabetes, albumin, hemoglobin, phosphate, and aortic calcification [18] . Chiu et al. [21] studied patients with type 2 diabetes and evaluated the association between IS and PCS concentrations and coronary artery disease (CAD) in a hospital-based case-control format. Serum IS and PCS concentrations were significantly higher in patients with both type 2 diabetes and substantial CAD as compared to diabetic and nondiabetic patients without CAD [21] . Both compounds were independently and positively associated with the presence of CAD. Increased concentrations of these compounds were associated with deterioration of renal function and coronary atherosclerosis [21] . Patients with significant coronary artery stenosis have also been shown to have higher serum PCS levels, which were independently associated with the presence and severity of CAD [23] . In the first clinical study to evaluate p -cresol levels and mortality, Bammens et al. [60] found an independent relationship between free se-rum p -cresol concentrations and all-cause mortality in hemodialysis patients followed for 34 months. A subsequent analysis found that free serum p -cresol concentrations were also significantly associated with time to first CV event. In multivariate analysis, free p -cresol concentrations were found to be significantly associated with CVD among patients who did not have diabetes [24] . Liabeuf et al. [22] also found an independent association between free PCS concentrations and mortality in patients at different stages of CKD. Baseline total and free PCS concentrations were inversely related to renal function and positively associated with vascular calcification. Although both free and total p -cresol concentrations were higher in more severe CKD, only free concentrations were associated with risk of death [22] .
PAA has been shown to inhibit iNOS expression and plasma membrane calcium ATPase. A study evaluating the effect of PAA on the vascular system in patients with stage 5 CKD on maintenance hemodialysis found a significant correlation between the PAA concentration and vascular dysfunction as measured by the reflective index obtained from digital photoplethysmography [26] .
In summary, strong evidence substantiating the toxic effects of uremic toxins in the development and progression of CVD have been corroborated by clinical studies. Strategies for prevention of CVD-related morbidity and mortality should focus on mechanisms for removing uremic toxins before negative outcomes occur, as well as therapeutic options for ameliorating their effects. One area of particular interest could be the development of clinical trials that confirm the effectiveness (as measured by superior CV outcomes) of large-pore dialyzer membranes for facilitated removal of uremic toxins. In the following section, we review information on therapeutic options for mitigation of the adverse effects of uremic toxins.
Therapeutic Interventions
Inhibiting uremic toxins has been shown to reduce toxin-associated pro-inflammatory processes, endothelial dysfunction, and aortic calcification. Methods to treat uremia include enhancement of the removal of uremic toxins through hemodialysis or peritoneal dialysis and use of pharmacologic approaches to interfere with their effects [1] . The ultimate aim of renal replacement therapy is the removal of uremic toxins and the preservation of residual renal function, which has been associated with enhanced survival [61] .
As discussed earlier, uremic toxins are classified on the basis of their physicochemical properties [2] . Of these, protein-bound molecules are the most difficult to remove using currently available dialysis strategies [2, 62] . Comparison of the effectiveness of 3 different types of highflux and low-flux membranes in removing a variety of uremic toxins through hemodialysis revealed that removal of protein-bound or lipophilic solutes was, almost without exception, highly inefficient, regardless of the type of membrane used [62] . Peritoneal membranes, which have fewer pores of greater diameter, more efficiently remove middle molecules and protein-bound molecules [63] . This translates into reduced mortality during the first few years of peritoneal dialysis as well as better preservation of residual renal function compared with hemodialysis [63, 64] . Multiple studies have documented lower plasma levels of β 2 -microglobulin, advanced oxidation protein products, and total as well as free p -cresol in patients on peritoneal dialysis compared with those on hemodialysis, with the differences remaining significant for β 2 -microglobulin and p -cresol even after accounting for differences in residual renal function between the 2 groups of patients [64] . However, both peritoneal dialysis and hemodialysis are only partially effective in removing many of the uremic toxins [2, 63, 64] . This underscores the urgent need for development of alternative techniques for effective removal of all uremic toxins. Encouraging results have been reported by a recent study, which has revealed that online hemodiafiltration using higher convective volumes reduces all-cause mortality by 30% compared with traditional dialysis [65] . This survival advantage may be due to a more effective removal of uremic toxins which are poorly dialyzable using conventional hemodialysis. Meanwhile, pharmacologic interventions have also been shown to reduce or prevent toxicity from these uremic compounds.
The therapeutic advantages of several inert binding compounds have been reported ( table 4 ) . These agents include sevelamer (a nonabsorbed poly-allylamine hydrochloride polymer) and AST-120 (an intestinal adsorbent) ( fig. 1 ) .
Sevelamer has been shown to decrease levels of CRP and to alleviate systemic inflammation by reducing endotoxemia in an experimental model of CKD [66] . Sevelamer was associated with a 78% reduction in CRP levels and a parallel decrease in endotoxemia after 6 months in 20 patients on hemodialysis [66] .
AST-120 has been observed to reduce levels of creatinine and urea, as well as all-cause mortality, in patients with CKD. Currently, it is used to delay the initiation of hemodialysis [67] . AST-120 significantly reduced atherosclerosis and altered lesion characteristics in mice with renal damage, independent of total cholesterol, blood pressure, or creatinine clearance. It also decreased expression of monocyte chemoattractant protein-1, TNF-α, and IL-1β messenger RNA [67] . In another study, AST-120 treatment for 24 weeks was associated with a significant increase in flow-mediated endothelium-level vasodilation in the brachial artery of 40 patients with CKD. There was also a decrease in plasma concentration of IS. Independent predictors for improved endothelium-level vasodilation included presence of diabetes and CRP. Overall, AST-120 improved endothelial dysfunction in patients with CKD and was associated with a decrease in markers of oxidative stress [20] . Research suggests that AST-120 might reduce arterial stiffness and intima-media thickness (which are related to CAD) in nondiabetic patients before hemodialysis. Treatment with AST-120 for 24 months decreased carotid artery intima-media thickness and pulsewave velocity (a measure of arterial stiffness) in patients with nondiabetic CKD when compared with patients who did not receive AST-120 [68] . Symptoms and outcomes of 146 heart failure were improved in patients with congestive heart failure and moderate CKD after treatment with AST-120 in addition to conventional therapy for 24 months. In addition, of those who required hospital admission, the length of hospital stay and number of hospital admissions decreased significantly after treatment with AST-120 when compared with the 2-year period prior to initiation of therapy. Improvements in renal function indices, atrial natriuretic peptide, edema, and cardiothoracic ratio have also been reported [69] .
Conclusions
Uremic toxins have a clear role in the progression of renal dysfunction and CVD in patients with CKD. The vast majority of uremic toxins are either highly protein bound or middle MW compounds, making their removal via standard hemodialysis and peritoneal dialysis difficult. Additional studies are needed to further delineate the impact of uremic toxins on outcomes such as CVrelated adverse events and mortality in patients with CKD. The availability of promising agents, currently in phase III trials, aimed at reducing uremic toxins will offer further therapeutic options for patients with CKD.
